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Abstract

Evidence is now quite strong that

model is the correct way to understand Lhe

the elementary hybridization

lattice-coherent Fermi liquid

regime at very low temperatures. Many-body theory leads to significant

renormalizations of the input parameters, and many of the band-theoretic

channels for hybridization are suppressed by the combined effects of

Hund’s-rule coupling, crystal-field splitting, and the f-f Coulomb re-

pulsion U. Some exploratory calculations based on this picture are

described, and some inferences are drawn about the bil~d structures of

several heavy-fermion materials, These infere,lc~s can and shoul(l be

trsted by suitably modified ~and-throretic calculations. W(S find evi-

dence fol a significant llah=r-~cattcring

temperature resi.~t.ivity. A new mechanism

th~ coherel]t Ft~rmi-liquid regimr to t,h~

.!.

contribution in the vrry-low-

is proposal for crossovrr from

incoherrnl dense-Kondo regime.

“ Work supportpd hy the U.S. I.lepnrt,menlof Hnrrgy.
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I. Introduction—.

It is well known that single-impurity models, or more correctly,

❑odels with active sites behaving incoherently,

to ●xplain the behaviors of valence-fluctuation9
“L
temperatures [1,2], In fact, this type of model

are generally adequate

(VF) materials at high

works surprisingly well

down to rather low temperatures, T -
‘K “

At still lower temperatures,

however, effects due to coherence between the active sites become dom-

inant. Prominent ●xamples of coherence effects are the insulating gaps

(or

and

for

pseuaogaps) for certain “ionic” compounds (SmB6, YhB12, 8old Sins,

TmSej, and a sharp Fermi surface for CeSn3 (ariathus, presumably,

all other intermetallic VP compounds). These effects indicate that

at sufficiently low ~emperatures the “normal” VP materials behave as

periodic Fermi liq~ids, in the manner described so elegantly by

Luttinger [3]. ‘1’hjsimportant conclusion was drawn especially by Martin

and Allen [4]. Other effects attributed to coherence within inter-

metallic VF compounds are a strong decrease in resistivity [5], and a

peak in “y” (specific heal/temperature) [6].

Important zoals at this time are thus to understand (a) the nature

of the low-temperature coheren(-c, and (b) thr apparent breakup of Lhjs

coherence with increasing tempcra[ur?. Wr shall ~rgur in some detail

that the hybridization n,odel holds LI)c’key lU (d), dnd Wts stIdll lll~rl

draw sorer inferences from Lhis, based on sirnplc model r;llrula:ious.

Although WC shall be focusing on some Cormroll (but not univrrsml)

features, we want to ernphrisizethat the very- low-ternperaturc properl.ie~

of real materials exhibit a significan~ degree of divrrsity, i.e.l LIIFY

have individual charart~rist!cs which rannol Im adequately describrd......--------

simply by an appropriaLr rhoirr of n chnrirctrrislir “flucluntion” or



3

“Kondo” scaling temperat.ur~. We suggest a simple ❑edification of con-

ventional band theory, which should ●nable one to calculate the

necessary ingredients for more realistic modeling of these individual

kea’ures“
We also outline a mechanism

‘k
for breakup of the very-low-temperature

11. Renormalized Hybridization Hodel

The hybridization model, involving

which we believe is responsible

coherence.

elementary hybridization bet’ween

an ordinary conduction band and a zero-bandwidth lattice of localized

orbitals, is probably

system. Its relevance

tlott [7] on intuitive

the simplest model for describing a periodic VF

for VF materials was apparently first proposed by

grounds, although there were clear precedents by

Coqblin and Blandin [8], and Doniach [5]. Thi~ type of model has since

been obtained as the result of several approximate treatments of

Anderson-lattice or Kondo-lattice Hamiltonians: Hartree-Fock approxima-

tion [9], Hubbard 1 approximation for Green’s functions [10], and static

approximation within the functional integral method [11], It is well

known thaL Lhis modrl +as considerable empirical validity for the ionic

compounds with small insulating (semiconducLing) gaps 14,12,13]:
‘mB6 ‘

YhB12, SmS (with only a pseudogitp), and TmSe, There is also Scme expPr-

imemtal evidencr [14] suggesting a similal quasiparticlr state density

for intermetallic W compounds, whrre thr elrcLron number necessarily

keeps the Fermi level CF away from the hyhridizatlon gap,

The plausibility of such a simple description is greatly strength-

●ned by the observation that a re~ult at least somewhat like this i:+to

be expected If the Lutti,nger picture ig rorrvcl for Lhese matcrinls,
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In simplest terms, this picture assumes that the system would ●volve

continuously if the two-body interaction (here the Hubbard U) were to be

switched on adiabatically. There is no tadequte theoretical criterion to

$~ ●termine whether this picture must

‘L
“ other material [31). Nevertheless,

quite clear that this is valid here.—

hold for VF ❑at~rials (or for any

the experimental evidence seems

There are previous examples where

a Fermi-liquid picture hclds in spite of very strong short-range repul-

sions,
3

namely liquid He .~nd nuclear matter. The concept of continuity

with respect to U implies that there must be considerable similarity

between the U = O case, for which the hybridization model is obviously

correct, and the true situat:.on with large U.

We have recently presented a new justification [15] for the hybri-

dization model, based on a variational treatment of the ground state for

Anderson lattice Hamiltonians, Although this method ~sumes the va-——

lidity of the Luttinger picture, without provin~ it, this work has

provided considerably

studies. in effect, we

v =00 ,
0

more detail to daLe than pre+vious ah init.io— —— ..

cxprrss [he many-body electronic ground state as

(1)

where @ is a singlr-determinant wavefunction
o

representing an appro-

priate unrorrelated (U = O) referenrp staL~. All rorr~ltiLiuns arv

symbolized here hy the w~ve opera:.or {1. After oplimizin~ lhr ground

state with respect to the variational parameter~ (here roncealpd within

~), we generate quaRipnrLiclr exciLaLionR hy a dirert implementation o:

the original Landau definition [16],

(2)
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We do this by identifying the quasiparticle occupation numbers n#Y)

with the “bare” occupation numbers for the reference Btate O.. For

example, to determine G for a atate ka with k >
w

~, we add an electron

@ state ku to fPO; Gap(ku) is the corresponding change in <H>.
-

This approach has

leads to a direct and fa

periodic Fermi liquid.

and therefore the Fermi

also a discontinuity in

a number of appealing features [15]. (1) It

thful realization of the Luttinger picture of a

The Luttinger sum rule is obviously satisfied,

surface can be reliably determined. There is

the true conduction-orbital occupation numbers

at &
F“

(2) This provides a simple explanation for the renormalization

to a low (koncioesque) temperature scale. It also emphasizes that there

is a continuum of behavior between the “valence fluctuation” or

str~ngly-mixed-valence regime, with characteristic temperatures typi-

cally ~ 102K, and the “Kondo lattice” regime, with near-integer valence

and characteristic temperatures ~ 102K, The “heavy fermion” materials

are viewed as extreme examples of the latter, with characteristic tem-

peratures ~ 10K. (3) The gene~al results exhibit a number of close

correspondences with previnus results for the single-impurity Anderson

model , For examplr, although the simplest version of our work (the “one

parameter’” version, with one variational parameter per Rloch state k)

corresponds directly to the simple hybridization model, and has a Wilson

ratio of unity, Lhere is also

The latter has a Wilson ratio

sity resembling the two-peak

a more elaborate “two parameter” version.

# 1, and has an f-elecLron spectral den-

structures found theoretically for Lhe

Anderson model, and seen in photoemission data for a number of cerium

compounds. The “second” photoemission peak appearR at a considerahlt=

disLanct= from cF, and should therefore not interfere with th~ structure



near &
F

which determines low-temperature behavior. (This remains to be

verified, however.) Taken together, these features strengthen our

confidence in the results.

In view of the above
e

&
ical, it now seems clear

developments, both experimental and theoret-

that the hybridization model must be taken

seriously. It is therefore appropriate to explore its consequences in

more detail than has been done previously. That is the main point of

this report. In the followiag, we describe some initial steps in this

direction.

We focus mainly on the heavy-fermion systems, where the charac-

teristic temperature scale is extremely low, and especially on the

examples (CeA13, CeCu6, and some CeCu2Si2 samples) which remain “normal”

(neither superconducting nor magnetic) at the lowest temperatures.

These materials can be particularly instructive because their low-tem-

perature anomalies should be least obscured by crystal-field-excitation

or phcnon effects. In most cases (UBe13 appears to us to be an excep-

tion), the crystal-field ground state of the “magnetic” configuration, is

simply a Kramers doublet. (The familiar l/Nf-expansion argumer,ts abGut

high ionic degeneracy are thus not relevant here,) our theoretical

print of departure can tilerefore he the simplest type of Anderson

lattice, with no orbital deg~neracy,

In the simplest model of Ref. 15, the quasiparticle spectrum was

found to have exactly the form of the elementary hybridization model,

but with two types of renormalization:

shifted, c + ~ = c
ff f + P, (b) th~ d-f

all reduced by a comnon factor,
‘k ‘

fractional occupation of the magnetic

(a) the hare f-el~cLron lPVPI is

hybridization mnlrix elements arc

configuration, Fol ~ near unily
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(the Kondo regime), this leads to vdry small ~k’s, and consequently to ●

very low characteristic temperature. Similar renotmalizstions have been

found by means of the functional-integral formalism [1]].

The conduction
.0

%ach k, and produce

and localized Bloch orbitals simply hybridize, for

two quasiparticle states,

(3)

For initial orientation it is reasonable to consider a constant conduc-

tion-band density of states, p. = 2/W (W = conduction bandwidth, the

2 for spin degeneracy), and a constant ~k + ?. The resulting quasi-

particle state density is

P(E) = :

L.

(4)

Due to the band limits of &k, this P(E) has a small but finite gap

between two sharp spikes, the latter arising from the flattening of the

quasiparticle bands near the gap edges. For intermetallic systems the

Fermi level EF shouid fall within one of these sharp peaks, and fairly

close to the nearest gap edge.

111. Specific Heat—-— —.— —...

In Ref. 15 we

and therefore the

iniLinllv increase

then pass through

noted that the curvnture of this p(li) is posilivr,

“linear specific heat coefficient” y ~ C/T should

quadratically as T rises from zero. This y should

a maximum and decrease, when the Fermi function

broadens sufficiently to sense the gap, then at higher T it should

exhibit a second maximum (or perh~p~ only {. shoulder) when the Fermi.——.——
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function broadens enough to include the other peak, on the far side of

the gap. We consider it quite significant that all three of the

“normal” heavy-fermicn ❑aterials (CeA13, CeCu6, and some CeCu2Sj2) JO

indeed exhibit two structures of this type [6,17,18]. All three show

.-‘?
~uite distinct first peaks in C/T, well below lK. Their second (higher-

temperature) structures are mild peaks in C, with peak positions between

2K and 4K. (These second structures are only faint shoulders in plots

of C;T.) UBe, ~ shows a very similar “second” structure [18], but no

“first” peak, presumably because the latter is cut off by the

superconducting transition.

We have now carried out a series of model calculations, in an

attempt to qualitatively reproduce this behavior. Fcr the above con-

stant-pop constant-?
k

model there wer? two significant results. The

temperature of the first peak is v~ low, only around 10% of I&F -

E
ngei/kB’ ‘here ‘nge

is the position of the near gap edge. (Compare

with the Schottky anomaly ratio of 0.41.) This seems consistent with

the data (see discussion in Ref. 15), a,ld is therefore encouraging. On

the other hand, the height of the y peak was very small , exceeding the

T = O value by only a few percent of this value, in contrast to the

several 10’s of percent seen experimentally.

We have tried to remove this discrepancy by adding more realistic

features LO the model. We substituted a semi-elliptic conduction state

density, Po(ck) = (8/nW)[l - (2ck/w)2]1’2. This rounded off the tips of

the sharp spikes in P(E), but also pushed cF a bit farther from the gap

edge, leaving the specific htat almost unchanged. We also considered

the temperature dependence of Lhe parameters ~ and II, which make the

quasiparticle energies (3) temperature dependent. The temperature
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dependence of the chemical potential ~ (which plays a major role in the

specific heat calculation) was

of the Ek’s near CF, leaving

the Fermi function essentially
*

h
to conserve electrons.) The

changed by JUSL the same amount as that

the important differences ~ - ~ within

unchanged. (This ❑ust obviously be so,

resulting change in specific heat was

insignificant. We then turned to the k-dependnece of ~k, considering

various plausible assumptions.

parity, we first tried Vk -

cos(nk/kmax ), whereby ok - [1 -

collapse. There wei-e sLill two

vanished only at the point E = ~=

Since d and f orbitals have opposite

sin(nk/kmax) ,

(2E ,w)211/2
k

rouhded peaks

P leaving only
1

peak” in C/T disappeared completely.

as compared to
‘k -

This allowed the gap to

in p(E), but this p now

a pseudogap. The “first

We have found only one type of ❑odel able to

magnitudes of the observed first peaks, and yet be p

with the requirements of band theory. This is based

for the insulating gap of SmB~ [4,12]. This model

explain the large

ausibly consistent

on the explanation

has a simple band

dispersion,, .Ek - cos(nk/kmax), but ~k - sin(nk/2kmax) is less obvious.

Of course the latter vanishes at k = O (the r point), due to the oppo-

site parity of d and f orbitals, but it is maximum at the zone boundary.

The monotonic increase of l~kl all the way to the zone boundary causes

one of the ~ bands (&+ or&-, depending c,n the sign of the Ek disper-

sion) to become extremely flat near the zone boundary, and thus to

produce an extremely sharp spike in p(E). For a given + the contrast

between the p(E) maximum near the zone boundary, and P(cF), can thus he

much larger than for

prominent first peak

magnitude comparable

cecu6 ‘
60% for CeA13,

the case of con~tanL ~
k“

This leads to a more

Ever. with this mechanism, however, to obtain a

to observation (17% rise beyond y at T = O for

90% for CeCu2Si2) wc found it necessary to have kF
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rather smal~, not ❑ere than 1/4 of the zone-boucdary value k At
max -

first sight, it ❑ight seem implausible that this would occur in all of

these “normal” neavy-fermion materials. On the other hand, the ex-

tremely large T = O values of y require “unusually” small values Oi
*

~k12 at the Fermi surface. Such a conmnon correlation between small
%

and heavy-fermion behavior therefore does have some plausibility.

The reason for ~k having a slower k-dependence than :k is inter-

esting, although at first sight it is quite specific for

ture . Within each octahedral B6 cluster, the p orbitals

effective d-like orbitals, and the centroid energies of

the SrnB6 struc-

combine to make

the latter are

rather close to those of Khe 5d orbitals of the Sm ions [19]. The d

bands of this CsC1-like structure are therefore quite similar LO the d

bands for a BCC lattice, except that there is a splitting (with gaps) at

the true SC zone boundary, because the two types of d orbitals are not

perfectly equivalent. The main contribution to ~k comes from overlaps

between the Sm 4f’s and the effective d’s on the neighboril.g Bb

clusters , Noting that the B6-Sm separation (as measured along one of

the cubic axes) is only half of t-he Sm-Sm separation, +L becomes clear

why the k-dependence of ?
k

is only half as rapid as that of the apparent

d-band dispersion. We now speculate that something like this may be

rather common. All of the “heavy fermion” and “Kondo l.~ttice” materials

are intermetallics containing ligand (non-RE] ions closer to the rare-

earth (or actinide) iuns than the smallest RE-RE separation. These

ligands may well have a similar effect on ~k even if their most impor-

tant orbitals do not have effective d synneLry. (For p-like orbitals

the present picture may be inverted: ~k maximum at I_ and vanishing at

k
❑ax’ with ~ near kmax. ) This issue can and sho~ld be e~plored via

band-theoretic calcular.ions, as explained below.
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Although this model appears to be adequate for the first peaks, we

find that it fails to explain the second peak. To ●xplain both peaks

simultaneously, it appears necessary to assume a conduction-band

structure with more than one branch intersecting &
- f

and the nearby Fermi

‘level CF. This is, of course, very likely to be true for the compli-

cated ❑aterials we are dealing with. kiith more branches, and with ilk’s

of different strengths (and possibly different k-dependecces) for the

various branches, there are obviously ❑ore possibilities. (Regardless

of the number of branches, all of the different V ‘s become ienormalized

by the same {1-[) ’/2.) We have notkyeL done anyfactor - mode 1

calculations for this case.

~. Trans~rt Properties and the Kondo Crossover—. ..—

In Ref. 15 we argued that the low-temperature conductivity should

be calculable by a fairly conventional formulation,

u(T) = J_ u(e) (- ~)dE ,

2
u(E) = ‘T A(E) vgr(E) pc(E)

(5)

(b)

This formulation assumes t.ranslational ly-invariant quasipdrticles, with

the resistance due entirely to crystal imperfections; th, lcter~ctlon

betwcert quasiparticles is neglected. Here A(E) (the mean free path) aII(l

PC(E) (the conduction-electron state density) are slowly varying, and

for an orientation may be considered constant, except for the Rap in

PC(E). The main variation within u(E) is thus due to the group

velocity,
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=lagl a&k % cat-—= —— —
‘gr h ak h ak atk —= ‘gr ack “

(7)

Observed resistivities typically show a quadra~.ic behavior at

‘~xtremely low T, p = 0-1 = a + ~T2, with ~ > 0. This implies that u(E)

should have negative curvature near c
F“

However, the derivative B&/a&k

is =asily seen to have positive curvature, over ❑uch of its ra~ge. Even

assuming
‘k

- cos(rrk/hmax), a&k/ak - sin(nk/k ) - [1 - (2ck/u)2]1’2,
❑ ax

uhicb has uegative curvature, and also includ~.ng a semi-elliptic conduc-

tion state deasity Oo(&k), which has a similar effect, our cr(E)’s all

retained a net positive curvature zt c ~.

It a?pcars to us that the resolution of trlis impasse requires Baber

scattering [20], as was already suggested for CeAIO a decade ago [21].
2

This process involves scattering between thermally-excited quasiparti-

cles due to the effective quaslparticle interaction. This process aiso

requi res the existence of at least two quasiparticle bands, and these

❑ ust have very different effective masses [20]. We have just argued,

however, that two (or ❑ore) bra,lches of the conduction-band manifGld are

indeed likely to intersect L Their combined hybridizatio~ with the f
F

orbitals can easily be seen to lead to widely differing effective

masses. Some of the “extra” qp bands would necessar~ LV Ilavf Lmal 1

effectivf= masses at c
F’

close to those of the bare conduction branches

At somewhat higher but still very low temperatures, the Kondo-

lattice and heavv fermion materials often show a very sleep rise in

resistivitv, climbing to a peak many limes ~rcater than the 1 = O #alue,

followed by a slighl drop to a plateau which may have a slow (log T,

Kondo-like) decrease [18]. It does no~ srem possible to explain this

enormous risr by means of u(E) or Baber srattrriug, and for the heavy-
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fermion cases the energy scale is clearly too small to be explained by

crystal-field excitations. The Kondo-like behavior obviously cannot be

explained either, by any of these mechanisms. We therefore turn to the

ultimate limitation of the hybridization model -- a mechanism which we

<elitwe is responsible for the crossover between the low-T Fermi liquid

behavior and the higher-T “dense Kondu” behavior,

The quasiparticle branch on the far side of the gap (side opposite

from CF) is obtained [15], via (2), by altering the occupation numbers

of the f orbitals (in Bloch representation) within the 00 of (l).———

Thanks to this “f charactcf”, the excitation of a qp state from this

“far” branch alters each one of the system’s N sites by an amount l/N,

which is equivalent to fully altering N/N = 1 site. In the simplest

(one-Farameter) version, the nature of this alteration is to prevent

hybridization and leave the site in a pure magnetic (fl-like or f
13-

like) configuration. Iri the two-parameter version spin-flip scattering

becomes possible for this site, which is the key feature for Kondo

resistivity. Details have not been worked out, but we presume that this

qp excitation effectively creates one site extlibiting incoherent Kondo-

like resistive scattering. Excitation of a signi ficant number of

quasiparticles (a macroscop~c fraction of N) from the “far” branch can

thus cause a drastic change in the transport properties, and even in the

quasiparticle spectrum itself” [see Ser. 6H cf Ref. 1S]. Kundo behavior

is thereby “Lurned on” in a continuous manner with increasing T, Th i s

crossover should lead to a Curie-1aw magnetic susceptibility at high T,

a6 is also true for the hybridization model, buL the Curie ronsLallt

should differ from tht= prediction of the ltitter model. This cro~~ovrr

would not necessarily cause much chanue in Lhe specific heat, howe~~r.
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A related crossover was predicted long ago by Doniach [4], who

called this “dehyb~idization”. His mechanism proceeds by ❑ eans of a

rapidly-growing (- T2) imaginary part for the self-energy (within the

Green’s function), which is thus a consequence of the Baber quasiparti-
.0

‘%le scattering. We agree that this mechanism should also be present,

but this is differerlt and considerably less radical than the present

mechanism for Kondo crossover.

If the resistivity treatment (5)-(6) were really valid, the same

u(E) would be appropriate for use in the standard expressions [22] for

ot,her transport properties, However, the presence of a spin-flip scat-

tering component invalidates such a simple procedure. We could of

course ~magine using a temperature-dependent u(E), and this might well

succeed in relating resistivity to thermopower. But even this would be

unreliable for Lhe magnetic properties (magnetoresistdnce and Hall

effect), because of the well known fact that a magnetic field ~-educes

spin-flip scattering. Nevertheless, the predictions of Lhis simple

approach, for gross features and correlations beLween the various pro-

perties, do seem to have collsideral~le emp:ricel validity [15].

v, Modified Band Theory—.—-.—c ..— ——.—.

rhe preceding inferences abouL conduction-band structures and V ‘s
k

are obviously speculative, and necId to bc Lested I)y suilal)l[’ detailed

calculations, We now suggesL a method f“or doing this, via simple modi-

fications of a conventional banci-strucLure program, Thr basic idf’ti is

Lo simply “swiLch off” tileVk hybridizalioll, .i[i ordrr 10 determine thr

form of the conduction bands in its ubsrn(~. Tht f’s Rhould he tre~l:’:1

as core orbitals, bul with thr d~~rer of f filling set rqual to tile
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average f occupation determined ●xperimentally. This numerical calcu-

lation should be considerably ●asier than the conventional band problem.

Synsnetry analysis of the band branches in the vicinity of cF should also

be easier. The final step will surely be considerably harder, however.
.’*
h

That is to use tight-binding arguments to deduce the form of the various

Vk’s, considering only

rule and crystal-field

u. One should thereby

calculations discussed

the conduction-f transitions allowed by Hund’s-

considerations , together with the large Hubbard

obtain reasonable imputs for the type of model

here, recognizing of course that the magnitudes

of the Vk’ s may be quite poorly determined.

This procedure takes account of the fact that much of the co,.duc-

Lion-f hybridization incorporated in corlventional band calculations is

actually unphysical, being suppressed by t!lr 9t)ov(~ ionic mechar.isms,

while the part that does survive is subject to renormalization, often

very strong. The same ionic mechanisms should also grently redll~.? the

effeci of direct f-f Lransfer, so thaL even for cerium it may be reason-

able to neglect this process, On the other hand, cases where U ib I]ot—

very much larger than the ordinary band-theoretic width of th~ f’:;, as

may ht= presumed for the paramagnon (T3 log T specific hcaL) materials

UA12 and UPL3, may well require a more elaborate basic many-body theory.

There is of course much precedent for Lhis prwcrdutt’. Ilan(l calcu-

lations of this type havr been done by a nurnbe, of invcutigators, wiLh

various motivations. Most 01’ theor [23] have not been RubrIcqIIPIItly

analyzed to obtain the rrlrvant

“referencr” moferials, with empty

same spiril. Thrrr are nls(l a

hybridizations. The many studirti of

or filled f ~hrll~l are clearly in Lllc

few cal(-ulalion~ 124] rletrrmining thr

hybridization elernrntti, u~rd an input for mnny-body Llicorles of mnRl)rtir

matrrials, A mod, fird band calculation ha~ just hrcn completed for

CeA3 [251, und i~ now being analyzed from Lhr present st~ndpoilit.
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IV, The Role of Crystal-Field Splitting

One effect of crystal-field splitting has already been mentioned:

reduction of the magnetic-configuration degeneracy from (2J + 1) to that

of the CF ground state, typically a Kramers doublet, This applies also
,-

‘to the U
3+

❑ 5f3 configuration in uranium compounds. The lack of a

magnetic ground stote in many uranium compounds strongly suggests that

their U4+ = 5f2 configuration has a singlet ground state, in agreement

with the point-charge model [26]. Suzh uranium compounds should there-

fore have hybridization models very similar to those for Ce compounds.

For example, this is very likely an important part of the reason why the

r-sl~tlvitles of UBe
13 and ‘;ecu2si2

look so similar 118]. We th-refore

believe that CF effects are present and are very important in uranium

compounds; why more direct evidence for this is difficult to obtain is

unclear.

Evidence for CF excitations is rlrar for a number of VF materials,

for example CeA13, where there are two exciied doublet levels

Thesr can be incorporated wiLhi,( the hyhrldizaLion model by

starting with several (in this cast’ 3) different f leveis, Lo he

diz~d with the various Condllctio[] I)ands The rcllorm;lliznt ion

[27

simp

hytr r

Y

shift
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excited levels would then be treated essentially as in the model of

Sales and Wohlleben [1]. On the other hand, if th~ CF splittings are

not large compared to the hybridization scale parameters r for the low

CF levels, then the CF and hybridizaticm structures should become diffi-
0

h
cult to disentangle, even with detailed inelastic neutron probing. This

is well known experimentally; the point here is that therfi is now a

systematic way to treat this theoretically. A related consequence is

that the ground state may ti!~o contain a significant admixture of CF

eigenstates,

There are also some cases where the CF ground state may be a r8

quartet This is now clear for Cefle6, and may well also be the case for

UBe13, based on general considerations [26] and the available evidence

(ahsuming A4, A6 similar to those for PrBe13 [28]). This case c~n be

moaeled simply by having the lowest two f levels of the preceding

(CeA13- type) case be degenerate.

In nll chrer of th~ “normiil” heavy-fermion materials, the resis-

t.ivity peak is found considerably :.hove the second peak in

heal,
1“ ‘Br13’ ‘owever’

t.hc order of these peaks is reversed

speculntt’ Lhnl Lhis diffrren tI may be the result of having a

sLat(’.

In conclusion, the w~y now seems clear for more detailed

istir model i[lg of low-~cmperaturr proprrtics of VI’ materials.

specific

[18]0 W(J

I-H ground

and real-

11’ ways
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